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Epidermal cells from human foreskin or cadaver skin 
were found to bind and phagocytose fibronectin-coated 
latex beads but not serum albumin-coated beads. Three 
lines of evidence suggested that the beads actually were 
internalized by the cells and not bound only at the cell 
surfaces. First, the fibronectin coat on internalized 
beads could be detected with antifibronectin antibodies 
only if the cells were permeabilized prior to indirect 
immunofluorescence staining. Second, the internalized 
beads were not released from the cells by trypsin treat-
ment. Finally, electron microscopic observations 
showed that the internalized beads were packaged in-
dividually and in clusters inside endocytic vesicles in 
the perinuclear region of the cells. These vesicles had 
the typical appearance of lysosomes, and, based on the 
release of trichloroacetic acid-soluble radioactive frag-
ments of fibronectin into the incubation medium, it was 
concluded that degradation of the fibronectin on the 
bead surfaces occurred. The epidermal cells that phag-
ocytosed the fibronectin-coated beads were confirmed 
as keratinocytes according to their electron microscopic 
appearance and prominent immunofluorescence stain-
ing with antikeratin but not anti-plasma fibronectin 
antibodies. Fibronectin also was found to promote the 
attachment and spreading of keratinocytes on culture 
dishes, although the concentration of fibronectin re-
quired for half-maximal activity (-5 JLg/ml) was sever-
alfold higher than the concentration of fibronectin re-
quired for spreading of human fibroblasts (-1 !Lg/ml). 
The results suggest the possible importance of fibronec-
tin in mediating adhesion and phagocytosis by kera-
tinocytes, which may be important for the migration of 
these cells during wound repair. 
It has been reported t hat fo llowing incis ional skin wounding, 
migrating kerat inocytes can phagocytose extracellular debris 
including fibrin fragm ents [1]. In addition , keratinocytes have 
been observed to phagocytose parts of Langerhans cells after 
ep idermal tape-stripping [2]. Keratinocytes also have been 
observed to phagocytose latex beads injected into blister cavi -
ties [3]. Despite the possible importance of phagocytosis in the 
wound healing response of keratinocytes, the phagocytic prop-
erties of t hese cells have not been characterized furth er. Neither 
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the cell surface receptors nor the opsonins involved in keratin-
ocyte phagocytosis have been identified. 
Recently, there has been considerable interest in the response 
of keratinocytes to different cell adhesion proteins. In studies 
on the adhesion of epidermal and other epithelia l cells, it was 
reported that laminin, but not fibronectin, was a necessary 
adhesion factor [4,5]. Subsequently, however, other laboratories 
have reported that fibronectin can promote keratinocyte adhe-
sion [6,7] and migration [8]. Moreover, it has been shown t hat 
after excisional or incisional wounding, the matrix over/ 
t hrough which keratinocytes or corneal epithelial cells migrate 
is rich in fibronectin [9,10]. And, in experiments using cultured 
corneal explants, fibronectin was demonstrated to promote 
epithelial cell migration [11]. 
The ability of kera tinocytes to use fibronectin for cell- sub-
stratum interactions suggested to us the possibility t hat fibro-
nectin also might serve as an opsonin for phagocytosis by these 
cells. Wit h fibroblasts, for instance, fibronectin promotes not 
only cell spreading, but a lso, cell phagocytosis [12,13]. Studies 
were undertaken, therefore, to determine whether cultured 
human keratinocytes were able to phagocytose latex p a rticles 
that were coated with fibron ectin. 
MATERIALS AND METHODS 
Cells 
Human epidermal cell cul tures were established from foreskin or 
cadaver skin . Cadaver skin was prepared from the t runk region by the 
University Burn Center within 12 h of death. After surgical removal of 
subcutaneous tissue and much of the reticular dermis, tissues were cut 
into small strips and incubated with 0.5% Dispase II (Boehringer-
Mannheim, Indianapolis, Indiana) in 140 mM NaCl, 3 mM KCl, 4mM 
Na2HPO,, 2 mM KH"PO, (pH 7.4) for 1 h at 37"C. The epidermis then 
was separated from the remaining dermis and placed in 0.25% t rypsin 
(Miles Lab. , Elkhart, Indiana) in the above buffer for 15 min at 37"C. 
A single cell suspension was prepared by pipetting, afte r which the 
cells were centrifuged, resuspended, and no fewer than 106 cells in 5 ml 
of cul ture medium were plated in 25-cm" t issue cul ture flasks (#3013, 
Falcon, Oxnard, California). T he culture medium was Du lbecco's mod-
ified Eagle's medium (DMEM) (Gibco, Grand Island, New York) 
supplemented with 20% fetal bovine serum (Gibco) , 20 mM Hepes 
buffer, 100 U/ml penicillin , 100 !Lg/ml st reptomycin , 0. 25 !Lg/ ml Fun-
gizone, 10 ng/ml epidermal growth factor (Sigma Chemical Co., St. 
Louis, Missouri) , 10-" M cholera toxin (Sigma) , and 0.4 ~<g/ml hydro-
cortisone (Sigma) . Cul tures were maintained at 37"C in an atmosphere 
of 6% C02 in air and 100% relative humidi ty, and the medium was 
changed twice a week unti l the cells became confluent (7- 30 days). 
Subcultures were made by treating the confluent cells with 0.5% 
Dispase II for 1 h at 37"C, afte r which epidermal cells detached as an 
in tact sheet leaving fibroblasts on the flask. The epidermal cells were 
trypsini zed as above and replated. For most experiments, first-passage 
cultures were used. Human skin fibroblast cultures also were estab-
lished from foreskin . The cells were grown in stationary culture in 
DMEM containing 20% fetal bovine serum and 20 mM Hepes buffer 
[14] . 
Pibroneclin 
352 
Human plasma fibronectin (pFN) was prepared by ammonium sul-
fate precipitatio n and ion-exchange chromatography as described pre-
viously [1 5). Radiolabeled pFN (["H]pFN) was prepared by the reduc-
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t ive a lkylation technique. To a 6-ml solu t ion of pFN {1.9 mg/ ml 
dialyzed against 0.05 M Na borate, pH 9.0) , 0.106 ml of ["H) formalde-
hyde (28 mCi/ ml , sp act 85 mCi/ mmol , New England Nuclear, Boston, 
Massachusetts) was added. After 30 min at 4 ' C, t he reaction was 
stopped by 3 successive additions of 0.05 ml of Na borohydride (12.8 
mg/ml), and the preparation was dia lyzed overnigh t against 0.1 M Na 
phosp hate, pH 6.8. T he preparation had a specific radioactivity of 
abo u t 10,000 cpmj ,_,g protein [12]. 
Preparation of pFN-Coated Dishes 
Falcon 3001 (35- mm) tissue culture dishes were incubated fo r 10 
min at room temperature with 1 ml of phosphate sa line (150 mM NaCI, 
1 ruM Na phosphate, pH 7.2) (PS) containing the chosen concentration 
of pFN, and t hen rinsed with PS. To cover t he nonspecific binding 
sites on the plast ic surface [14], the dishes were treated with 1 ml of 
1% heat-denatured bovine serum albumin (BSA) in PS for 10 min at 
room temperature, and t hen rinsed again with PS before adding the 
cells . 
Assays for Cell Attachment and Spreading 
Cell attachment. was determined by using radiolabeled cells ]14] . 
Confluent cells were grown for 5 h in t he prese nce of 1 J.LCi/ ml "H-
labeled am ino acid mixture (sp act 1 mCi / ml, New England Nuclear). 
Cells (0.6- 0.8 X 106) then were ha rvested, washed 3 t imes, resuspended 
in 2 ml of se rum -free DMEM, and plated on pFN-coated dishes. After 
incubation at 37' C in 6% C02 and 100% humidity, dishes were sub-
jected to shak ing at 150 rpm on a New Brunswick R-2 reciprocating 
shaker for 10 s. Cells resuspended by t his procedure (considered to be 
nonattached) were removed wit h a pipette. The cells remaini ng at-
tached to t he dishes were solubilized in 1 ml of 1% sodium dodecyl 
sulfate. Both nonattached and attached cell sa mples were mixed with 
10 ml of Budget Solve (RPI Corp., Mt. Prospect, I ll inois) and counted 
in a Nuclea r Chicago Mark ll scintillation spectrophotometer. The 
percentage of attached cells was calculated as the number of counts 
associated with cells remaining on the dishes divided by the tota l 
number of counts recovered. At t he end of t he attachment incubations, 
t he per centage of attached cells t hat were spread (i.e., with obvious 
cytoplasmic skirts a rou nd t hei r nuclei) was determined visually with a 
Zeiss Invertoscope D inverted microscope by counti ng 100-300 attached 
cells. 
Preparation o/ pFN-Coated Beads 
Polystyrene latex beads (0.76 J.Lm , 4.14 x 1011 particles/ ml, Dow 
Diagnostics, Indianapolis, Indiana) were suspended in PS conta ining 
~500 J.L gfm l of pFN or (31-!]pFN, incubated for 10 min at room temper-
ature, diluted 10-fold wi t h 2% BSA in DMEM, and subjected to an 
additional 10 min incubation. Then, the beads were collected by cen-
trifugation (10 mi n at 25,000 g), resuspended in 2% BSA in DMEM, 
an d sonicated for 5 s at 60 W (Heat System-Ult rasonics, Inc., Plain-
view, N ew York) im mediately prior to use [1 3]. 
Conditions for Latex Bead Binding 
Epiderma l cells (0.4- 1.2 X lO't suspended in 0.5 ml of serum -free 
DMEM, were mixed wit h 1.65 x 10~ pFN-coated beads in 0.5 ml of 2% 
BSA in DMEM and incubated at 37'C in 6% C02 and humidi ty. After 
incubation , the samples were diluted with 5 ml of ice-cold PS and 
centrifuged for 4 min at 800 g. Sedimented cells were resuspended in 1 
ml of ice-cold PS and recentrifuged through 2 ml of 5% BSA in PS fo r 
4 m in at 800 g to remove as many unbound beads as possible [1 3]. 
Samples were fi xed immediately wi th 3% formaldehyde for microscopic 
observations, or washed with PS and fixed with 2% glu ta raldehyde, 1% 
paraforrnaldehyde, 1% tannic acid in 0.1 M Na cacodylate for electron 
microscopic ru1alys is as described previously (1 6]. In some experiments , 
the final samples were treated wi th 0.25% t rypsin (G ibco) for 5 min at 
37"C, r ecentrifuged t hrough 2 ml of 5% BSA in PS, and t hen fixed as 
above. 
Quantitation of Phagocytosis using [3H}pFN-Coated Beads 
Approx imat,ely 3 x 10" cells were suspended in 0.5 ml of DMEM and 
brough t to 37'C. ]3H]pFN-coated beads (1.7 X 10~) in 0.5 ml of 2% 
BSA in DMEM were mixed with t he cells and incubated at 37'C for 
the designed ti me periods. After incubation, samples were centr ifuged 
twice t hrough 3 ml of ice-cold 5% BSA in PS (3 min at 800 g) . Collected 
cells were t reated with 0.25% t rypsin (G ibco) fo r 5 min at 37'C, 
following which t he reaction was stopped by the addit ion of 1 ml of 
feta l bov in e se rum , and t he sam ples were centrifuged 2 more times as 
above. Radioactivity associated with sedimented cells was measured to 
determine bead ingestion. Also, at. the end of incubation of cells with 
beads, a portion of the sa mples was centrifuged for 10 min at 11,600 g 
to sediment cells and beads. TCA (100%) was added to the supernatants 
to atta in a final TCA concentration of 10%. These samples then were 
incubated for 20 min at 4 ·c, centrifuged fo r 5 min at 1800 g, and the 
superna tants were analyzed to determine T CA-soluble radioactivity 
]13]. 
Antisera and Indirect lmmunoflu.orescence 
Rabbit. antikeratin antise rum was a gift from Dr. Tung-T ien Sun 
(New York University Medical Cente r). Rabbit anti-pFN immunoglob-
ulin was prepared as before ]1 4]. Indirect immunofluorescence sta ining 
of cells was ca rried out a described previously[1 4,17]. Briefly, spread 
cells were sta ined directly; cells in suspension were attached to poly-L-
Iys ine (20 mg/ml , Sigma) -coated dishes and t hen processed. Permea-
bil ization of ce lL was accomp lished by treating fixed cells with 0.1% 
Triton X-100 for 10 min at room temperature, fo llowed by 1% glycine/ 
l % BSA in PS for 10 min at room temperature. Samples were incubated 
with 0.2 ml of the first antibody (1.0 mg/ ml ant ikeratin antise ru m or 
0.06 mg/ml anti-pFN immunoglobulin ) for 30 min at 37 ' C in a humi -
dified chamber and then washed 3 t imes with PS. Subsequently, cells 
were t reated wit h 0.5 ml of 0.47 mg/ ml fluorescein-conjugated goat 
untirabbi t lgG antiserum (Meloy, Sp ringfield, Virginia) in PS conta in -
ing 2% goat serum for 30 min at 37' C. Finally, t he cells were washed 3 
times with PS, coated with one drop of 0.1 M Tris/90% glycerol (pH 
9.4) , and coverslipped. Observations were made with a Zeiss Photomi-
croscope Ill equipped with dark fie ld , phase contrast, and epi fluores-
cence. All samples were photographed with 1-min exposures. 
RESULTS 
Cell Attachment and Spreading on Fibronectin-Coated Dishes 
Ini t ia l experiments were carried out to confirm t h e previous 
observation [6) t hat human keratinocytes can attach a n d 
spread on fibronectin-coated culture dishes. The typical time 
course of cell attachmen t and spreading on dishes coated with 
20 J.Lg/ml of fibronectin is shown in Fig L There was a pe riod 
of rapid attachment for up to 15 min after which t h e percentao-e 
of attached cells increased much m ore s lowly. Considerable 
variation in t he extent of cell attachme n t was noticed from 
cult ure to cul ture for unknown reasons. Usua lly, 15-50% of t he 
cells were able to attach in these s hort-term assays. Spreading 
of attached cells also was observed , a nd 80% of t he attached 
cells were sprea~ after 60 min. During the same t ime period, 
when cells were m cubated on BSA-coated cult ure dishes, very 
few cells attached or spread (Fig 1), which indicated the speci-
ficity of adhesion . 
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FtC L Time course of cell attachment and spreading on pFN and 
BSA-coated substrata. Epidermal cells (0.8 x 106) radiolabeled with 
l''H] ami no acids were plated on Falcon dishes coated wit h 20 pg/ml 
pFN or 1% BSA as indicated. After the time periods shown, the 
percentages of cell attachment and spreading were determined as 
described in Materials and Methods. 
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Dose- response experiments also were carried out as illus-
trated in Fig 2. It can be seen that in a 45- min incubation, half-
maximal cell attachment and spreading occurred when the 
culture dishes were coated with 5 11g/ml of fibronectin . This 
results in a fibronectin coati ng of about 0.5 11g/cm2 which is 
considerably less than the half-maximal concent ration of fibro-
nectin (2 llg/cmt) previously reported by Gilchrest et al to be 
necessary for ke ratinocyte attachment [6] . Nevertheless, this 
amount of fibronectin still was much higher t han the amount 
of fibronectin required for attachment and spreading of human 
fibrob lasts (1 11g/ml) (Fig 2). 
To identify the type of cells t hat attached and spread in these 
experiments, indirect immunofluorescence studies were carried 
out using anti-pFN and antikeratin antibodies. Spread cells 
from epidermal cell cultures demonstrated a fibrous cyto-
plasmic network and a perinuclear halo of keratin filaments 
(Fig 3A), characteristic of keratinocytes as previously described 
by Sun and Green [18]. Little positive staining of t hese cells 
fo r fibronectin was observed (Fig 3B). On t he other hand, 
spread cell s that were harvested from fibroblast cultures had a 
patchy distribution of fibronectin (Fig 3D) but did not stain 
positively fo r keratin (Fig 3C). T hese results confirmed that 
there was little contamination of the epidermal cell cultures 
with fibrob lasts. 
It should be noted t hat with anti-pFN antibodies t here was 
a diffuse background sta ining of the pFN-coated dishes, but 
thi s was not apparent in t he photographs after only 1-min 
exposures. 
Cell Binding and Phagocytosis of Fibronectin-Coated Beads 
Having determined t he condi tio ns under which fibronectin 
could promote keratinocyte attachment and spreading on cul-
ture dishes, experiments t hen were carried out to determine 
whether t hese cells were able to bind fibronectin-coated latex 
particles. Following a 2- h incubation of suspended epidermal 
cells with pFN-coated latex beads, numerous beads were ob-
served by dark-field microscopy to be associated with the cells 
(Fig 4A,C,E). The cells that bound the beads were ident ified as 
keratinocytes based upon indirect immunofluoresence staining 
with antikeratin (Fig 4B). If beads were coated wi th BSA 
instead of fibronectin , no binding to t he cells was observed 
(data not shown). When cell s were stained with anti-pFN, on ly 
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FIG 2. Dependence of ce ll attachment and spreading on pFN-con-
centration. Epiderma l ce lls (0.6 X lOC>) radiolabeled with ['lH]am ino 
ac ids were incubated for 45 min on Fa lcon dishes coated with the 
indicated concentration of pFN . At the end of incubations, cell attach-
ment and spreading were determined. Also, 0.5 X 10'; fibroblasts were 
incubated unde r the same conditions to measure cell spreading. Other 
details are in Materials and Methods. 
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FIC 3. Ant ibody identification of spread cells. Epidermal cells (A, 
B) or fibroblasts (C, D) were allowed to spread for 45 min on Falcon 
dishes coated with 20 1-'g/ml of fibronectin . Subsequently, the cells were 
processed for indirect immunofluorescence staining. Epidermal cells 
stained prom inantly with antikeratin (A), but not ant i-pFN (B); 
whereas, fib roblasts stained wit h anti-pFN (D), but not antikeratin 
(C). Other deta ils a re in Materials and M ethods. x 320. 
F!G 4. Binding of pFN-coated latex beads by epidermal cells. Epi-
dermal cells (0.5 x 106 ) were incubated for 2 h with latex beads coated 
with 440 !lg/ml of pFN. At t he end of the incubations, the cells were 
fix ed/was hed, allowed to attach to poly-L-Iysine-coated dishes, permea-
bilized with Triton X- 100, and t hen indirect immunofluorescence stain-
ing was carried out. Bound beads were visualized by dark-field micros-
copy (A, C, E). The cells stained brightly wit h anti keratin (B) , but 
on ly the beads were stained with ant i-pFN (D). No staining was 
observed with preimmune se rum except for an occasiona l cell (F). 
Othe r deta ils are in Materia/,9 and M ethods. X 530. 
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t h e b eads were observed to be pos it ive (Fig 4D), and except fo r 
an occasiona l cell no flu orescence staining was observed wi t h 
pre immune serum (Fig 4F). 
The typical t ime cou rse of bead binding to t he cells was 
measured by coun t ing t he number of a t tached beads per cell as 
illustrated in Fig 5. Over a 2-h period t he number of beads per 
cell w as found to increase. As wit h cell attachment, t here was 
con s iderable va ri abili ty from cul ture to cul ture in t he number 
of beads t hat were bound by t he cells. In addi t ion , t here was a 
s ig ni fica n t dependence of bead binding on cell size (Fig 4A ). 
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FIG 5. Time course of pFN-coated bead interaction with keratino· 
cytes. E pidermal cells (0.4 x 106 ) were incubated wi th 1.65 x 10~ beads 
coated with 550 Jig/ml pFN. At the indicated t ime pe riods, cells were 
collected, washed, and immed iately fi xed. T he numbe r of cell -associated 
bead s was de termined visually by count ing 100 cells and calculating 
the mean and SE. Other deta ils are in Materials and Methods. 
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F IG 6. Cell size and binding of pFN-coated beads. Epidermal cells 
(0.6 X 106) were incubated for 30 min with 1.65 X 109 beads coated 
with 440 Jlgfml pFN, after which cells were co llected, washed, and 
fixed. The number of cell -associated beads was visually counted on 
small ce lls (- 17 Jim ), large ce lls (- 24 pm ), or large, irregularly shaped 
squames. Ba rs indicate the percentage of cells on whi ch 0- 5 beads or 
>6 bead s were observed, above which the average number of beads 
bound per cell (* ) and the number of measured ce lls (n) also are show n. 
Other detail s are in Fig 5 and Materials and Methods. 
Small cells (d iameter -17 p.m ) were found to bind many more 
beads t han large cells (dia meter -24 fl.lll) , and the largest, 
irregula rly shaped cell s (squames) bound very few beads. T hese 
resul ts are qua nt itated in F ig 6. It is qui te likely, t herefore, that 
the abili ty of cells to bind pF N -coated beads depends on t heir 
stage of d iffe rent iat ion [19]. 
T ypically, t he pFN -coated beads associated wit h cells ap-
peared to have a perinuclear distribution, suggesting t hat t he 
beads had been phagocytosed. T o clari fy t his point, indirect 
immunofluorescence experiments were carried out using per-
meabilized and nonpermeabilized cells . If pFN-coated beads 
were inside of cells, it was ant icipated t hat t hey should be 
detectable wi t h anti-pFN only when t he cell s were permeabil-
ized. Cons isten t wi t h t his possibili ty, a lmost a ll of t he beads 
observed by da rk -fi eld microscopy to be bound to t he ce lls (Fig 
7A) were stained posit ively fo r fib ronectin when t he cells were 
permeabilized (Fig 7 B). If, however , t he cells were not permea-
bilized, t hen only a few of t he bound beads (Fig 7C, arrow) 
could be detected us ing an t i-pFN (Fig 7D, a rrow). T hese results 
suggested t hat most of t he beads associated with t he cells were 
interna lized. 
In addition, samples of cells wi t h bound beads were subjected 
to t rypsinization , which previously was shown to remove selec-
FIG 7. Ingestion of pFN-coated beads by epidermal cells as shown 
by immunoflu orescence analysis. Epidermal cells (1.2 x 106 ) were 
incubated fo r 2 h with latex beads coated with 150 ,.,g/ ml of pFN. 
Samples were either fixed immediately (A - D) or subjected to trypsin-
ization before Jixation (E- H ). Bound beads were visualized by da rk-
fi eld microscopy (A, C, E, G) . With immediately fixed cells, most cell -
associated beads were detectable if the cells were perm eabilized (B), 
but only a few beads (a rrow) were stained in the absence of permeabil -
ization (D ). Following t rypsinization, however, no beads could be 
detected in the absence of permeabilization (H) alt hough many beads 
were sta ined if the cells were permeabilized (F) . Other deta ils are in 
Materials and Methods. x 370. 
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tively those beads that were bound on the surfaces of fibroblasts 
[13]. After keratinocytes wit h bound beads were trypsinized, 
none of t he beads still associated with the cells (Fig 7 E,G) 
could be detected unless the cells were permeabilized (Fig 7F 
compared to 7H). It was concluded, therefore, that surface-
bound beads, but not internalized beads, were removed by the 
trypsin treatment.. 
Electron Microscopic Observations 
To study the relation between ce lls and beads at higher 
resolution, observations were made using transmission electron 
microscopy. As expected from the earli er experiments, there 
was great variation in the number of beads associated with each 
cell. The electron micrographs shown were selected for their 
typical keratinocyte morphology and bundles of keratin fila-
ments that surrounded the cell nuclei (Fig 8, arrowheads). 
After 45 min of incubation, beads were observed bound at 
the cell su rface and within the cells (Fig 8A,B ). The surface-
bound beads often were found in association with microvilli 
Vol. 83, No.5 
(open arrows). After 2 h of incubation, very few beads were 
found at the cell surface. Rather, they were mostly in a peri-
nuclear arrangement within cells (Fig 8C,D). While some beads 
were found individually in vesicles that had the typical appear-
ance of lysosomes, in many cases multiple beads (asterisks) 
were found within a large vesicle surrounded by a single mem-
brane (closed arrows). It is likely that these multiple bead-
containing vesicles resulted from the fusion of individually 
internalized beads, since in all of the cells observed there was 
only one instance in which it appeared that more than one 
bead was internalized in an endocytic ves icle forming at the 
cell surface. 
Quantitation of Bead Phagocytosis and Fibronectin 
Degradation 
The electron microscopic results provided further support 
for the conclusion that keratinocytes could phagocytose pFN-
coated latex beads and suggested the possibility that the inter-
nalized beads were delivered to the lysosomal compartment. If 
FIG 8. El eclron microscopic observations or bound a nd ingested pFN-coated latex beads . Epidermal ce lls (0.9 X 106 ) were incubated for 45 
min (A, B) or 2 h (C, D) with latex beads coated with 440 pg/ml of pFN. A, Low-magnification view of a whole cell s howing beads bound at the 
ce ll surface in assoc iation with microv illi (open. w-row) and mu ltiple beads (asterish.~ ) packaged in a si ngle endocytic vesic le (closed arrow) . B, 
Highe r-magnification view of (A) s howing beads at the ce ll surface (open arrow). C, Low-magnification view of whole cell showing latex beads 
accumu lated in th e per inuclear region of the ce lls, with many beads (asterishs) packaged in a s ingle vesicle (closed arrows). D , Higher-
magnification view of (C) s howing some individual beads in vesicles and other8 (asterisl~s) multiply packaged in a s ingle vesic le (closed arrow) . 
Keratin filam ents a re pointed out with arrowheads. Other deta il s are in Materials an.d M ethods. A an.d C, X 6,300; 8, X 22,300; D, x 27,500. 
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so, t hen it should have been possible to detect radioactive 
fibronectin fragments in the medium arising from degradation 
of the fibronectin coating the beads (see [13]). 
To test the above possibility, cells were incubated for various 
times with latex beads that had been coated with radiolabeled 
fibronectin. At the end of each incubation 2 analyses were 
carried out (Fig 9) . First, cells and beads were removed from 
the incubation medium and the amount of trichloroacetic acid 
(TCA)-soluble radioactivity in the medium was determined as 
a measurement of fibronectin degradation. Second, the cells 
with bound beads were collected and subjected to trypsiniza-
tion, which removes surface-bound but not ingested beads (as 
was shown in Fig 7) . Then, the t rypsin-resistant (ingested) 
radioactivity associated with the cells was measured. The re-
sults demonstrated that at t he earliest times studied, there were 
essentia lly no ingested beads associated with t he cells and little 
TCA-soluble radioactivity could be detected in the incubation 
medium (Fig 9). At later times, however, there was a continuous 
increase in both the amount of ingested radioactivity in the 
cells and the amount of TCA-soluble radioactivity in the me-
dium. Data are shown as the absolute number of cpm and also 
in terms of bead equivalents. After 60 min, the total amount of 
radioactivity either ingested or released corresponded to about 
15 phagocytosed beads per cell, which was consistent with the 
results of the bead-counting experiments described in Figs 5 
and 6 . 
DISCUSSION 
The results presented in t his paper demonstrate that cultured 
human keratinocytes can phagocytose fibronectin-coated latex 
particles. Several lines of evidence indicated t hat the pFN-
coated beads were internalized by the cells. First, the fibronec-
tin coat on many beads could be detected by indirect immuno-
fluorescence staining using ant i-pFN antibodies only if the 
cells were permeabilized. Second, the internalized beads were 
insensitive to removal from the cells by trypsin treatment. 
Finally, electron microscopic observations showed that the 
beads were accumulated inside endocytic vesicles in the peri-
nuclear region of the cells. The ce lls that phagocytosed the 
beads were confirmed as keratinocytes and not fibroblasts 
based upon electron microscopic appearance and prominent 
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FIG 9. Time course of phagocytosis and degradation of [3H]pFN -
coated beads. Epidermal cells (2.9 X 106) were incubated with 1.65 X 
109 eHJpFN beads (5.5 X 10-r. cpm/bead, 280 ng pFN/cm2) for the 
indicated t ime periods, after which the tryps in -insensit ive cell -associ-
ated radioactivity and TCA-soluble radioactivity in t he medium were 
determined as described in Materials and Methods. Data shown are the 
mea n and SD of duplicate experiments. 
immunofluorescence staining with antikeratin but not antifi-
bronectin antibodies. 
The phagocytosis of pFN-coated beads by keratinocytes was 
different in several respects from phagocytosis of pFN-coated 
beads previously described for fibroblasts [13]. Maximal bind-
ing of pFN-coated beads to fibroblasts occurred after about 15 
min while binding of beads by keratinocytes occurred over a 
much longer time period. Also, the number of beads bound and 
phagocytosed by fibroblasts was 4-5 times greater than that 
observed with keratinocytes. On the other hand, the rate of 
degradation of fibronectin coating the beads appeared to be 
faster with keratinocytes than with fibrob lasts. This may have 
something to do with the unusual packaging of the beads inside 
the keratinocytes. Instead of one bead per endocytic vesicle, as 
generally was observed with fibroblasts, there often were mul -
tiple beads in each endocytic vesicle in the keratinocytes. This 
multiple-packaging phenomenon warrants further investiga-
tion since apparently it occurred by an intracellular fusion 
process. That is, most beads initially appeared to be phagocy-
tosed individually by the keratinocytes. 
Phagocytosis of fibronectin -coated particles by keratinocytes 
in vitro is consisten t with t he previous observations on keratin-
ocyte phagocytosis in vivo. For instance, the phagocytosed 
fibrin fragments [1] probably were coated with fibronectin [9]. 
Also, the latex beads phagocytosed from blister cavities [3] may 
have been coated by fibronectin present in the wound fluid 
[20]. It is noteworthy that the latex beads phagocytosed by 
keratinocytes in vivo also were packaged with multiple beads 
in a single vesicle as now has been ob erved in vitro. The 
physiologic function of keratinocyte phagocytosis needs to be 
clarified, but it is possible that during wound healing, migration 
of these cells beneath the fibrin clot through the granulation 
tissue depends in part on phagocytosis of the fibronectin-coated 
extracellular matrix components. 
The present studies also present further support for the view 
that fibronectin can mediate keratinocyte attachment and 
spreading on culture dishes [6,7]. While several laboratories 
previously claimed that only laminin had this abi li ty [ 4,5], most 
of these studies were directed at measuring cell adhesion to a 
collagen type IV substratum, and the adhesion-promoting ac-
tivity of fibronectin for keratinocytes was not measured di-
rectly. It seems likely that fibronectin-mediated adhesion is 
more important than laminin-mediated adhesion for cell mi -
gration during wound repair. This can be concluded because 
laminin and type IV collagen were absent beneath migrating 
keratinocytes and only appeared distal to the leading edge of 
the new epidermis where cell differentiation was occurring 
[21]. Also consistent with the importance of fibronectin in 
epidermal cell migration are the recent findings demonstrating 
that addition of fibronectin enhanced the migration of corneal 
epithelial cells over corneal explants in situ, and antifibronectin 
antibodies inhibited this process [11]. 
Electron microscopy was carried out by Ms. Cheryl Lamke. Drs. 
Paul Bergstresser and Bill Snell made helpful suggestions regarding 
the manuscript. 
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